not only the aggregation state of the samples or the type and concentration of the analytes, but also the potential interferences and the instrumental compatibility. Direct sample analysis is in most cases utopic; however, effort can be made to minimize the pre-treatment of samples. Development of simple, efficient and cost-effective approaches is therefore a milestone in the evolution of Analytical Sciences. The main trends of the sample preparation discipline: automation, miniaturization and simplification, should be taken into consideration in any new proposal. These trends can be easily observed in the non-chromatographic separation techniques, mainly liquid-liquid (LLE) and solid-phase extraction (SPE). Although solid-phase extraction evolved to reduce the solvent consumption, operator manipulation, tediousness and slowness of liquid-liquid extraction, both separation techniques are equally applied in the development of miniaturized sample treatments. The success of these separation techniques relies upon the incorporation of highly efficient extraction media. In this regard, nanomaterials have become a key factor in the development of new extraction units of reduced dimensions. The high sorption capacity of nanomaterials results in higher pre-concentration factors, which confers the analytical sensitivity, selectivity and precision required for target analytes in a variety of matrices.
Introduction
Sample treatment is undoubtedly the limiting step in any analytical process. Its inherent negative connotations stem from its complexity and the wide variety of operational alternatives to be selected, taking into consideration highlighting representative applications based on the use of the four reference nanostructures: carbon nanotubes, graphene, conical carbon nanoparticles and fullerenes ( Figure 1 ). The different geometry of nanoparticles confers them with different electronic and superficial properties which are relevant to analyte sorption [1] .
Carbon nanotubes as tool in sample preparation
Carbon nanotubes (CNTs) are cylindrical nanostructures which consist of a graphene sheet rolled out and closed by two semifullerene caps. If the nanostructure presents a single layer, it is called a single-walled carbon nanotube (SWCNT), while when several concentric layers are present, the resulting nanostructure is known as a multi-walled carbon nanotube (MWCNT). Their outstanding properties include high tensile strength, thermal and electrical conductivity, and their ability to establish interactions with organic (more frequently) and inorganic compounds. Carbon nanotubes have been extensively used in the design of electrodes and have enhanced performance when compared to traditional carbon surfaces. However, their insolubility in most of the aqueous or organic media commonly used in sample treatment limits the use of carbon nanotubes. The insolubility of carbon nanotubes results in the formation of aggregates, which reduces the effectiveness of their desirable properties, expressed only on the nanometric scale. Aggregation can be reduced or even avoided using two different strategies: functionalization (introducing specific functional groups or moieties) or surfactant-coating (introducing the nanoparticles inside the micelles). In both cases, the resulting structure presents a higher solubility/ dispersibility in water and organic solvents.
The sorbent capacity of carbon nanotubes is higher for MWCNT than for SWCNT due to the synergic effect of concentric graphene layers, therefore, MWCNT are preferred for analyte isolation. In addition, the potential incorporation of different organic molecules or functional groups increases the diversity of compounds that can be retained on the MWCNTs. Excellent and exhaustive reviews on this specific topic have been recently published [2, 3] . Nowadays, the applicability of carbon nanotubes in the sample treatment context is well recognized, both, to simplify the sample treatment through the development of more efficient (micro)extraction procedures and in the chromatographic and electrophoretic fields as well as to enhance the separation efficiency of instrumental techniques [4] . As far sample treatment is concerned, MWCNTs are specifically used to isolate and preconcentrate organic compounds via the π-π interactions between the electronic cloud of the nanotube and the aromatic ring of the analyte. A selection of the most remarkable applications published will be commented on in the following subsections.
Carbon nanotubes as sorbent in solidphase extraction
No doubt, the main application field of carbon nanotubes in sample preparation is solid phase extraction (SPE). In this context, nanotubes have been used either packed in conventional SPE cartridges or in miniaturized devices. The main drawback of the first alternative is the cost inherent to the use of large amounts of sorbent. Also, the tendency toward aggregation is more marked in this format, which reduces the sorption capacity of the nanoparticles. Several analytical methods have been proposed to determine both organic [5] [6] [7] and inorganic compounds [8] [9] [10] in waters of different nature and in urine using carbon nanotubes as a sorbent material. In the case of pre-concentration of metal ions, the carbon nanostructures were functionalized to (i) increase pre-concentration through chelation and to (ii) reduce the aggregation tendency by increasing the nanotube compatibility with the aqueous matrix.
Most interesting in the context of this review article is the applicability of carbon nanotubes in miniaturized solid phase extraction approaches. Carbon nanotubes have been used in (micro)solid-phase extraction immobilized on a solid support or dispersed within a sample matrix. Fibers (both metallic wires and fused silica capillaries), porous hollow fiber and membranes are often used as carbon nanotube supports.
The problems associated to commercial solid phase microextraction (SPME) fibers are well known by scientists and analysts. Thus, new, more selective coatings have been proposed in the literature. In this context, carbon nanotubes have been raised as a useful alternative. The main limitation of laboratory-made fibers is the mechanical instability of the nanomaterial on the support as well as the reusability of the fiber. A clear example of this problem is the variety of experimental approaches described in the literature to fabricate CNT-SPME fibers, for example, electrochemical-based procedures, chemical bonding or organic binders. Among them, the sol-gel technology is probably the most used as it generates a porous coating which increases the interaction capacity of the fiber with the analyte. As far as supports are concerned, stainless steel wires and fused silica capillaries have been used. The former are stronger than the latter and they favored the direct introduction of the extraction unit in the injector of a gas chromatograph for the thermal desorption of the analytes. The main advantage of silica capillaries is the easier immobilization of the nanoparticles via the silanol groups that can be activated on their surface. In general, the immobilization on a metallic support involves the use of an organic binder. However, recent approaches demonstrated chemical bonding of the sol-gel CNTs coating to the stainless steel wire, resulting in a better thermal stability of the fiber up to 350 °C [11] .
A novel support for carbon nanotubes is a porous hollow fiber. In this case, the inner volume as well as the pores of the fiber are filled with a slurry of CNTs. The resulting extraction unit is referred to as a reinforced hollow fiber and it presents several advantages over conventional fibers: the amount of sorbent available for analyte interaction is increased, while the disposable nature of the fiber reduces or even eliminates carry-over between samples. Additionally, a longer fiber can be prepared and then cut to the required lengths, which results in a better reproducibility between fibers compared to previously mentioned approaches.
Carbon nanotubes can also be immobilized on planar membranes. The main advantage of this symbiosis is a selectivity enhancement in addition to excellent mechanical properties. Indeed, CNTs can improve the mechanical resistance of a polymeric material, even if they are present at concentration as low as 5 wt %. The challenge in the design of such devices is to avoid the aggregation of nanotubes, which dramatically decreases the extraction efficiency. Two alternatives are available to overcome this shortcoming. Nanoparticles can be dispersed using a surfactant and the resultant solution is then passed through the filter/ membrane and thoroughly washed with water to remove any residual surfactant, ensuring that the retention is only due to the nanoparticles. Alternately, carbon nanotubes can be previously functionalized to be more soluble in water and polar organic media. In this method, aggregation is reduced and, if the pH is properly selected, the electrical repulsion established among the nanoparticles helps to maintain homogeneous and individual distribution across the membrane surface. Even nanotube distribution helps to prevent pore blockage due to the deposition of proteins on the membrane -a common problem in these applications.
The isolation and pre-concentration of heavy metals from waters has also been carried out using diaminemodified mesoporous silica on multi-walled carbon nanotubes. The combined advantages of mesoporous silica material and MWCNTs are related to the quick mass transfer and higher amount of functionalized groups available thanks to the nanoporous structure. The presence of diamine groups provides the solid surface with specific adsorption sites and a larger adsorption capacity. In one study, the extraction of the analyte was carried out by stirring the functionalized solid with the aqueous solution containing the heavy metals studied [Cu(II), Pb(II), Zn(II) and Ni(II)] for 3 h. Then, the mixture was filtered through a PVDF membrane and the metals were determined by atomic absorption spectrometry [12] .
Arsenic, bismuth, cadmium, mercury, lead and titanium have also been determined using MWCNTs packed in a microcolumn inserted into a continuous flow configuration followed by analysis by ICP-AES. The detection limits were in the range of 0.3 (cadmium) and 4.08 (bismuth) ng/L and the method was validated using a certified reference material [13] .
Carbon nanotubes dispersed in the sample matrix
Dispersive solid phase extraction was proposed in 2003 as a successful technique to increase the selectivity of the analytical procedure via retention of potential interferents in a given sorbent [14] . A previous extraction with an organic solvent (typically acetonitrile) is usually needed. Recently, miniaturized approaches of this technique have been proposed with the aim of increasing the sensitivity of the detection of analytes retained on the sorbent [15] . This approach depends upon the efficiency of the sorbent and, as only few micrograms are used, nanostructured materials are ideal for these applications.
As previously mentioned, the main limitation of carbon nanomaterials is their low solubility, or even insolubility, in the majority of aqueous and organic media, leading to bundle formation and subsequent reduction of this sorbent capacity. Several alternatives have been proposed to reduce this negative effect. Functionalized carbon nanotubes have preferentially been used instead of raw nanoparticles to favor particle dispersion. However, the high price of commercial material, the potential structural damage of the surface and the low yield of the functionalization procedures limit the usefulness of this alternative. For this reason, two alternate approaches have been described in the literature using either raw carbon nanotubes or hybrid nanoparticles. The first option is the so-called effervescence assisted dispersive (micro)solid phase extraction, developed by our research group [16] , which is schematically depicted in Figure 2 . In this alternative, the in-situ generation of CO 2 favors the dispersion of the carbon nanotubes, increasing the interaction with the analytes. The main goal of this methodology is that both the effervescence precursors and the sorbent are prepared in a tablet which is added to the sample. The progressive dissolution of the tablet is accompanied by the effervescence and dispersion of the nanotubes. After extraction, the sample is filtered through a 0.45 µm disposable Nylon filter and the analytes (triazines) are further eluted with acetonitrile for their liquid chromatographic separation. The second alternative consists of the preparation of Fe 3 O 4 nanoparticle enclosure hydroxylated MWCNTs [17] . Magnetic MWCNTs hybrids have been prepared using different procedures, including selfassembly technology. However, the easiest method seems to be co-precipitation of Fe 3 O 4 and hydroxylated MWCNTs. As a result, the carbon nanoparticles are enclosed by the iron ones taking advantage of their aggregation tendency. It has been used to determine aconitines in human serum samples.
Carbon nanotubes have also been proposed as a pseudophase in liquid-liquid extraction. For this purpose, the nanoparticles are previously dispersed with surfactant. This procedure allows the solubilization/ dispersion of SWCNTs and MWCNTs in aqueous or polar media while avoiding the imperfections caused by functionalization. The carbon nanotubes are located inside the micelles and stabilized through interactions nanostructured solid (20 mg) packed in conventional SPE cartridges to extract chlorophenols from environmental water samples [21] . Useful comparison with other conventional sorbents and CNTs was carried out by the authors. As expected, both carbon nanoparticles provided better results on account of their higher sorbent capacity. The comparison between graphene and carbon nanotubes corroborated the worst performance of the nanotubes due to a higher interaction and an incomplete elution. An additional factor that favorably affects the analyte interaction with graphene is the better wettability, thanks to the residual polar groups that remain after reduction with hydrazine of its precursor, graphene oxide (GO). This results in hydrophobic and hydrophilic sorption sites which permit the retention of analytes of a wide range of polarity. Glutathion [22] and lead [23] have also been quantified using this SPE configuration with excellent recoveries in comparison with conventional and carbon nanostructured sorbents. Despite all of the favorable features, graphene shares with some of its counterpart carbon nanosorbents the aggregation tendency , with a clear reduction of the sorbent capacity. In order to overcome this limitation, the synthesis of hybrid materials has been proposed. In this context, Liu et al. developed graphene@silica nanoparticles for the preconcentration of non-polar nanoparticles [24] . Moreover, a combination with magnetic nanoparticles is also of advantage as it simplifies the recovery of the sorbent nanomaterial after extraction [25] [26] [27] .
The sorbent capacity of graphene oxide is also remarkable, as it confers to this planar nanostructure a high degree of versatility. One of the main differences is that GO is very soluble in water and presents oxygenated functional groups, which facilitates the preparation of functionalized material as well as hybrid nanoparticles [28] . Its higher polarity also permits hybrid nanoparticles to interact with more hydrophilic compounds.
Graphene and GO have also been used as coating in SPME. The fiber preparation is rather simple as it only requires the immersion of the support into a graphene suspension with a further drying step, which provides the extraction unit with a fiber thickness of 6-8 µm and a high thermal and mechanical stability. The main advantage of this coating is its high porosity, which results in extraction yielding of ca. 1.8 fold, as opposed to the commercial PDMS and PDMS/DVB with coating thicknesses of 100 and 65 µm, respectively. This graphene-based fiber has been successfully applied to the determination of pesticides in waters [29, 30] . Other non-covalent fixing methods involve the use of silicone adhesive [31] and electrochemical polymerization [32] . The presence of with the hydrophobic chains of the surfactant molecules. The surfactant-coated carbon nanotubes (SC-CNT) phase enhances the sorption capabilities of the nanoparticles via aggregation reduction and increased surface contact [18] . Taking into account the aqueous nature of the extractant pseudophase, it can be used for the LLE of pollutants from oily samples. The presence of carbon nanotubes provides a higher selectivity in comparison with classical extractants. Moreover, this phase preferably extracts aromatic to aliphatic compounds. The standard procedure involves mixing and stirring certain volumes of sample and SC-CNTs to facilitate the transference of the analytes. Then, the pseudophase enriched with the analytes is transferred to a glass vial and analysed by headspace/gas chromatrography/mass spectrometry. The entire procedure is schematically depicted in Figure 3 . The resultant sensitivity for benzene, toluene, ethylbenzene, xylene isomers and styrene (BTEXS) was 20-45 times higher than that obtained using direct headspace analysis of olive oil samples [19] . Moreover, different container migrants, such as phthalates, were also determined using SC-CNTs pseudophase [20] .
Graphene as tool in sample preparation
As it is the case with other carbon nanoparticles, the first application of graphene (G) as sorbent used the the nanoparticles generates a porous structure which is responsible for the high extraction efficiency of the unit. The fiber can also been obtained using GO as graphene source [33] . In this approach, the oxidized nanoparticles are immobilized on a stainless steel wire following the sol-gel technology. Then, the GO is reduced to G by thermal treatment. Higher fiber stability is obtained by the covalent immobilization of G on a fused silica capillary previously treated with 3-aminopropiltrietoxysilane. In this case, GO is the nanoparticle of choice as it can react with the amino groups previously introduced on the capillary surface. The efficiency of the immobilization was corroborated by checking the thermal stability of the fiber, which can be heated up to 700 °C with negligible weight losses. The possibility of using thermal desorption is a decided advantage, resulting in a better sensitivity of the methodology [34] . PAHs were selected as model analytes, thanks to the π-π stacking and hydrophobic interactions that can be established between the compounds and the nanoparticles.
Carbon nanohorns and carbon nanocones as tools in sample preparation
Carbon nanocones and carbon nanohorns are open carbon nanoparticles whose structure results from the existence of pentagonal disclinations in a seamless graphene sheet.
Single wall carbon nanohorns (SWNHs) are smaller in size compared to other carbon nanoparticles. However, they present an extensive surface area which, together with the formation of stable aggregates of ca. 100 nm in diameter results in an enhanced sorbent capacity. Moreover, the aggregates interstices are also preferential sorption locations. The possibility of opening sidewall windows to introduce small nanoparticles, such as fullerenes, results in a synergic effect on analyte retention. Although SWNHs were firstly used as storage units, now, their application has been broadened to their use in miniaturized extraction configurations [1] .
SWNHs are easily dispersed thanks to the stability of their aggregates. Therefore, one of the first applications used the nanoparticles in dispersive solid phase microextraction for the isolation and preconcentration of polycyclic aromatic hydrocarbons [35] and triazines [36] from water samples. The SWNHs were previously functionalized via microwave irradiation in order to favor the solubility/dispersability in an aqueous environment through the generation of oxygenated groups on their surface. As an additional advantage, the use of aqueous dispersions increases the efficiency of the extraction as the solubility of the analytes in the water sample is not altered by the presence of the organic solvents. In comparison with bare carbon nanocones and carbon nanotubes, the efficiency of oxidized SWNHs was higher under the same experimental conditions.
Carbon nanocones were first synthesized in 1997 [37] and can be considered as the fifth allotropic form carbon. The material consisted of 20 wt % carbon nanocones, 70 wt % flat carbon disks and 10 wt % amorphous carbon. The presence of the non-structured material is a limitation for the analytical applications of carbon nanocones as this fraction does not share the differential properties of the nanoparticulated matter. Geometrically, nanocones are formed by a rolled-up graphene sheet with a conical apex defined by a curved graphene sheet with one to five pentagonal rings [38] . The tip of the carbon nanocone is defined by the presence of five pentagonal disclinations. As a result, the five cone angles shown in Figure 4 exist. These nanoparticles differ from the carbon nanohorns in their larger dimensions [length between 300-800 µm with a maximum base diameter ca. 2 µm), low aggregation tendency and difficulty of functionalization. Only two applications have been described in the literature concerning the use of carbon nanocones in solid phase extraction. The first used the cones packed in conventional SPE cartridges [39] while the second immobilized cones onto a fiber in a SPME configuration [40] .
The use of carbon nanocones as sorbent requires a thermal pre-treatment of the commercial solid in order to remove the 10% of amorphous carbon present. After an optimization process, it was found that heating at 450 °C for 20 min was needed to obtain a sorbent material containing only carbon nanocones/disks. Carbon nanocones/disks can be easily packed into commercial SPE cartridges and their sorbent capacity was compared with that of MWNTS using the isolation/pre-concentration of chlorophenols from waters as model analytical problem. The lower aggregation tendency of the cones results in better SPE performance as it enhances facilitates both, pre-concentration and elution steps. As result only 200 µL of hexane were needed to achieve quantitative elution while up to 600 µL were required when MWNTs were used as sorbent.
As far as their potential in SPME, the carbon nanocones/disks were immobilized on a stainless steel wire (35 mm length, average thickness 50 µm) by means of an organic binder and evaluated for the determination of volatile organic compounds in water samples. In this case, the headspace-SPME configuration was found to be more appropriated. The analytical performance of the fiber was better than that of commercial ones for the given analytical problem.
Fullerenes as tool in sample preparation
Fullerenes are polyhedral nanostructures in which the carbon atoms are bonded in arrangements of five to six-membered rings. As is the case with other carbon nanostructures, fullerenes are also insoluble in aqueous media although they can be dissolved in some organic solvents such as toluene, chlorobenzene or carbon disulfide. Fullerenes have been used in miniaturized SPE procedures for the determination of metals and organometallic derivatives, as their electron deficient structure allows the interaction with analytes having electron donor groups. In contrast to other carbon nanoparticles, their lower aggregation results in better analytical performance in those approaches. The determination of lead in waters was carried out using fullerenes packed into a minicolumn, which was then inserted into an online flow configuration coupled to a flame atomic absorption spectrometer (FAAS) [41] . For quantitative retention, metallic species were converted to neutral chelates, preferably carbamate derivatives. Once retained, the final species were eluted and continuously transferred to the FAAS. Different configurations, following the previously described procedure, have been also proposed for the determination of cobalt in wheat flour [42] and inorganic cadmium and cadmium metallothioneins in fish liver [43] .
Ballesteros et al. studied the adsorption behaviour of fullerene C 60 using both organic and organometallic compounds as model analytes. From their work, it can be said that the adsorption capacity of fullerenes is higher for organometallic compounds and is rather limited for organic compounds [44] . Therefore, only a few applications devoted to the adsorption of organic molecules onto fullerenes have been proposed. For example, Serrano et al. proposed the isolation and preconcentration of benzene, toluene, ethylbenzene and xylenes from waters using fullerene C 60 packed into a minicolumn and placed in a flow system [45] . Gas chromatography-mass spectrometry (GC-MS) was the instrumental technique selected for analytes separation and identification. The sensitivity and precision of this method were better than those obtained using RP-C 18 or Tenax TA. More recently, Vallant et al. have developed a solid-phase extraction stationary phase based on C 60 -fullerenes covalently bound to silica for the purification of biomolecules. The new sorbent is able to retain small and hydrophilic molecules, such as phosphopeptides, which can be easily lost by conventional reversed-phase solids. This new material has been used for the SPE of flavonoids with recoveries of 99% [46] .
The marked thermal stability of fullerenes makes them especially attractive for SPME. It permits the use of thermal desorption within a wide range of temperatures with negligible influence on fiber stability. In this way, Xiao et al. evaluated the performance of a polymeric coating containing fullerene C 60 , for the determination of benzene, toluene, ethylbenzene and xylene isomers, naphtalene congeners and phthalic acid diesters as model analytes [47] . As a result, this approach surpassed commercial ones in terms of stability and extraction efficiency. A hydroxyfullerene-based fused silica SPME fiber has also been synthesized following the sol-gel technology [48] . The presence of the fullerene in the fiber was confirmed by infrared spectroscopy. The extraction unit was thermally stable, solvent resistant and reusable. The SPME device has been used for the extraction of polychlorinated byphenyls (PCBs) and PAHs.
Conclusions
From the reviewed applications devoted to the use of carbon nanoparticles in miniaturized sample treatment, several conclusions can be highlighted. The benefits of the inclusion of carbonaceous nanomaterial in the analytical process are unquestionable with regards to size reduction and efficiency. In most cases, the first applications of carbon nanomaterials used the sorbent packed into cartridges, similarly to conventional solids such as silica, LiChrolut or RP-C 18 . These approaches clearly demonstrate the higher extraction efficiency of the nanostructured materials, with higher resultant detection limits and better selectivity. The greater extraction efficiency occurs due to greater specificity of the interactions established between the nanomaterials and the analytes, particularly when isolating aromatic compounds. In addition, lower retention of potential interferents from the sample matrix allows for cartridge reusability, which reduces the cost of the analysis. The tendency toward aggregation and low solubility are important limitations of nanomaterials in separation applications; however, the higher sorption properties of nanomaterials permits the use of lower amounts of sorbent, which reduces these shortcomings. Furthermore, reduced sorbent amounts allow for the design of miniaturized separation units, which are extremely competitive with the counterparts based on the use of conventional sorbent materials [49] [50] [51] [52] .
Although fullerenes were the first nanoparticles to be used for analyte isolation and pre-concentration, carbon nanotubes were the real cornerstone of the field's evolution. Nanotube separation applications open up the investigation into the use of nanoparticles of alternate geometry. Nowadays, graphene appears as a powerful tool to simplify and miniaturize sample preparation, although its potential is still to be consolidated [51] . One challenge is the lack of a reproducible production method for the synthesis of high quality graphene
In addition to the use of carbon nanoparticles, either raw or functionalized, the hybridization with other nanostructured material exhibiting different properties, such as magnetism, is also a hot topic. The hybrid nanosorbent implements an additional advantage, as once the extraction is completed, the isolation of the sorbent enriched with the analyte could simply be done with a magnet [49] [50] .
The variety of nanoparticles, including the option for functionalization, and their potential application to numerous microextraction techniques show significant potential and are well worth the research effort to support further development.
